Purdue University

Purdue e-Pubs
International Refrigeration and Air Conditioning
Conference

School of Mechanical Engineering

2022

Droplet Behavior and Condensation Heat Transfer Performance
on Silica Nanospring Coated Surfaces
Andrew R. Dillman
Adam Vuth
Giancarlo Corti
Andrew Sommers

Follow this and additional works at: https://docs.lib.purdue.edu/iracc

Dillman, Andrew R.; Vuth, Adam; Corti, Giancarlo; and Sommers, Andrew, "Droplet Behavior and
Condensation Heat Transfer Performance on Silica Nanospring Coated Surfaces" (2022). International
Refrigeration and Air Conditioning Conference. Paper 2324.
https://docs.lib.purdue.edu/iracc/2324

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries.
Please contact epubs@purdue.edu for additional information.
Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at
https://engineering.purdue.edu/Herrick/Events/orderlit.html

2188, Page 1
Droplet Behavior and Condensation Heat Transfer Performance
on Silica Nanospring Coated Surfaces
Andrew R. DILLMAN1 , Adam Y. VUTH1 , Giancarlo CORTI 1 ,*, Andrew D. SOMMERS 1 ,*
1

Dept. of Mechanical and Manufacturing Engineering, Miami University, Oxford, OH 45056 USA
Phone: (513) 529-0718, Fax: (513) 529-0717, E-mail: corticlg@miamioh.edu, sommerad@miamioh.edu
* Corresponding Author

ABSTRACT
In this work, an amorphous silica nanospring (SN) surface structure functionalized with a silane coating is studied as
a method of inducing dropwise condensation and omniphobicity on aluminum tubes for both water and methanol.
Special focus in this work is given to understanding the parameters that most affect coating performance including
SN growth time, SN growth characteristics (single growth vs. double growth), silane chemistry, and coating method
(vapor vs. liquid). Silica nanosprings offer several unique advantages over other one-dimensional nanostructures,
including high surface area (350 m2 g-1), mild growth conditions (350°C, atmospheric pressure), and thermal stability
(< 1000°C in air). Depending on the functionalization that is performed, however, varying levels of hydrophobicity
(even oleophobicity) have been demonstrated. The metrics used in this study for characterizing coating performance
include static and dynamic contact angle (CA) measurements, contact angle hysteresis (CAH) and scanning electron
microscope (SEM) imaging, as well as condensation heat transfer data. Preliminary data to date have shown that static
contact angles greater than 170° and CA hysteresis values less than 5° are possible for water. Additionally, the
existence of a possible ideal SN coating thickness for maximizing heat transfer and condensation performance will be
studied. Coated samples of varying nanospring mat thicknesses, from approximately 750 nm to 3000 nm, are planned.
Condensation heat transfer testing of uncoated tubes and functionalized SN tubes in a purpose-built environmental
chamber is also planned using both water and methanol as the test fluids. In order to increase the heat transfer rate
inside the chamber, 3D-printed fluid-carrying manifolds are used to increase the amount of available tube surface area.
Preliminary shared data will be analyzed in terms of the coating thickness, surface wettability, and environmental
conditions with the overall aim of improving the condensation heat transfer performance of the functionalized tubes.

1. INTRODUCTION
Heat exchangers are important to the overall efficiency, cost, and compactness of many thermal management systems
including those used in the petroleum industry. According to a recent Department of Energy study, the heating,
cooling, and ventilation of residential buildings accounted for more than 51% of the United States’ total energy
consumption in 2013 as measured by consumption per residential household. For commercial buildings, the percentage
was still high (i.e. 37%) (U.S. EIA, 2015). Naturally then, increasing the efficiency of the heat exchangers used in
these systems is extremely desirable because of the tremendous potential for cost savings and reduction in pollution.
In petroleum refineries, a rule of thumb is that it takes approximately 1 barrel of oil-equivalent energy to process 10
barrels of crude oil (Industrial Energy Use, 1983). Thus, the energy losses in refinery operations are primarily the
result of heat rejected by (lost to) air- and water-cooled heat exchangers used to cool both the recycle and product
streams. In fact, this equipment is estimated to account for up to 50 percent of refinery heat losses (U.S. DOE, 1979).
Most materials of practical interest are neither completely wetting, nor completely non-wetting. “Surface wettability”
then refers to the degree that a surface is hydrophilic or hydrophobic (with regards to water) or oleophilic or oleophobic
(with regards to oils). Through careful design, it is possible to alter the natural wettability of a surface to be more
water/oil-loving or water/oil-fearing. This is principally achieved by modifying the surface chemistry and/or surface
roughness. For example, aluminum and copper (which are used in the construction of heat exchangers) are naturally
hydrophilic. This affinity for water however can make it difficult for these materials to drain water effectively, which
can degrade the overall performance of the heat exchanger. Thus, modifying the surface to be hydrophobic (even
“superhydrophobic”) may bring operational benefits or advantages. Moreover (and perhaps more importantly),
surfaces which display good water repellency are often not oleophobic. That is, they do not repel oil. This is due to
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the low surface tension of most hydrocarbons. In condensing equipment where dropwise condensation is preferred,
this can be especially problematic. Oleophobicity is also desired because in refining operations, feed streams are often
heated either to effect a physical separation (i.e. crude unit fractionation) or to provide energy for a heat-absorbing
reaction. Oleophobic surfaces could therefore be used to capture a larger share of that energy and lead to more efficient
heat exchange and separation processes. Thus, one of the goals of this work is to create surfaces that are reliably
oleophobic and promote dropwise condensation (DWC), a process during which the condensation of vapor onto a
surface is characterized by the nucleation and subsequent shedding of discrete droplets of the condensing fluid (Wen
and Ma, 2020). In contrast, filmwise condensation (FWC) is characterized by the formation of a continuous film of
liquid on the surface (Liu and Preston, 2019; Khan et al., 2019) which often leads to lower heat transfer rates than the
DWC mechanism. As such, surface modification strategies, which encourage DWC over FWC, is a topic of significant
interest. Additionally, Goswami et al (2021) found that self-assembled monolayers (SAMs) impart almost negligible
thermal resistance, which makes them an excellent candidate for surface modification strategies such as those used in
this work.
To date, most research in this field has focused on water vapor condensation and strategies for improving surface
performance under these conditions. For example, Miljkovic et al. (2013), Paxson et al. (2013), and Preston et al.
(2015) have all shown that significant HTC enhancements (~ 4-7 times) can be achieved when surface modifications
are performed to induce superhydrophobic behavior, DWC, and enhanced water droplet removal from the tube surface.
In contrast, relatively few studies have been performed on hydrocarbon condensation on tubes. Rykaczewski et al.
(2014) created a variety of liquid impregnated surfaces (LIS) using Krytox perfluorinated oil and then subjected these
surfaces to a condensation environment with a variety of low surface tension fluids. It was found that the control
surface was flooded by all liquids except water, while the smooth oleophobic surface and Krytox-impregnated
nanotextured surface induced DWC for multiple fluids, including pentane, hexane, and octane. In a similar study,
Preston et al. (2018) examined copper tubes containing copper oxide (CuO) nanoblades functionalized with a
fluorosilane and then impregnated with Krytox oil. Surfaces were tested with toluene in an evacuated condensation
chamber. With 50 Pa of noncondensable gasses (NCGs) in the chamber, the LIS only slightly outperformed FWC on
control surfaces. However, if the pressure of NCGs was < 1 Pa, the LIS displayed roughly a 450% performance boost
over the FWC case. Despite this promising result, it was found that the Krytox oil was removed from the surface over
time, degrading performance by 78% within ~300 minutes. In a follow-up study, Sett et al. (2019) created oleophobic
nanostructured copper tubes impregnated with two different Krytox lubricants and one Fomblin lubricant. During
experiments, these surfaces were able to promote DWC in ethanol and hexane over a ~7-hour period. Heat transfer
coefficient enhancements of 100% and 150% for ethanol and hexane, respectively, were demonstrated; however, the
durability of the tubes and the longevity of these enhancements were never discussed.
Based on the recent literature described above, research on surface coatings capable of inducing continuous DWC of
low surface tension liquids is still clearly needed, especially non-LIS systems. One major issue, identified by Ho et al.
(2021) and Preston et al. (2018), is the development of surface coatings that do not get removed over time. The present
research proposes a novel nanostructure formed by coating an aluminum substrate with silica nanosprings (SN) coated
with a fluoro-silane self-assembled monolayer (SAM). These SN mats are grown using an atmospheric pressure
chemical vapor deposition (APCVD) process at ~350°C, which is low enough to coat aluminum. Vapor deposition
also permits the coating of three-dimensional structures such as the tubes used in shell-and-tube heat exchangers. More
importantly, the surface chemistry of the SN allows for the fluorination of the nanostructure by silane chemistry, and
the durability of SNs in a condensation environment was previously studied by Schmiesing et al. (Schmiesing et al.,
2020). Thus, the SN coating is a strong candidate for the creation of a stable DWC inducing surface for use in
hydrocarbon condensation.
In summary, although it is well-known that surface wettability can affect both the mode of condensation and overall
condensation retention on a heat transfer surface, very few papers were found in the open literature which specifically
addresses the influence of surface wettability on hydrocarbon condensation heat transfer performance. This is because
achieving oleophobic (oil-repellent) behavior is quite a bit more challenging to achieve due to the lower surface tension
of these fluids as compared to water. As such, most papers found focused on water condensation on coated surfaces,
and the range of applicability for those papers was often limiting. This is because coatings developed to achieve DWC
can often only be applied to certain materials and many wear off over time. Additionally, the behavior of condensate
droplets on silica nanosprings (a relatively new nanomaterial) is still not well understood. Both of these items
underscore the need for additional study and the value of this undertaken work.

19th International Refrigeration and Air Conditioning Conference at Purdue, July 10-14, 2022

2188, Page 3

Figure 1. (a) Transmission electron microscope image of the silica nanosprings, and (b) a graphical rendering of a
nanospring showing the composition of the spring as made up of multiple nanowires (from Corti et al., 2019).

2. EXPERIMENTAL METHOD
2.1 Nanospring Test Surfaces
In this study, the creation of chemically functionalized SN surfaces is accomplished in a few primary steps. First, a
metallic substrate (generally aluminum) is cleaned via immersion in ethanol and deionized water. The substrate is then
sputter-coated with a thin layer of gold nanoparticles (which serve as a catalyst) and placed in an APCVD reactor for
a specified period of time, following the procedure of Corti et al. (2013). It is important to note that the thickness of
an SN coating is directly proportional to the growth time for which the sample is left in the reactor. The SN-coated
surface is then plasma cleaned with hydrogen and oxygen in order to activate bonding sites on the nanospring mat.
Following the activation of bonding sites, the SN-coated substrate is functionalized by placing the substrate in beaker
containing one of two chosen fluorosilane compounds: (a) tridecafluoro-1,1,2,2-tetrahydrooctyltrimethoxysilane
(13F), or (b) heptadecafluoro-1,1,2,2-tetrahydrodecyltrimeth oxysilane (17F). The beaker was then placed in an
atmospheric furnace at 100C, and the substrate was coated via vapor deposition for approximately 90 minutes. After
this step, the samples were hydrolyzed at 150 for 24 hours. During the initial stage of this project, a few different
surface-creation parameters were varied to try and increase the repellency of the coated surface to hydrocarbon
droplets. More specifically, the catalyst sputtering time, SN growth time, silane chemistry, and number of SN growth
cycles (one vs. two) were all investigated. Additionally, some tubes were pre-roughened using a NaOH solution prior
to sputter coating with gold to test whether the addition of micro-roughness (coupled with the existing nano-roughness)
improved the overall repellency of the surface.
Contact angle (CA) measurements were the primary method used to quantify the repellency of these created surfaces.
During this testing, 10-15 µL droplets of either water or methanol (the chosen low surface tension fluid) were placed
on the SN-coated flat surface, and the angle that the droplet formed with the surface was measured using a ramé-hart
contact angle goniometer (see Fig. 2). Static contact angles which are used to classify the surface type (i.e. hydrophilic,
hydrophobic, superhydrophobic, etc.) and advancing and receding CAs were measured. The advancing CA refers to
the largest angle that a droplet forms on a surface prior to movement as liquid is slowly added to the droplet.
Conversely, the receding CA refers to the smallest droplet formed between the droplet base and the surface prior to
droplet recession on the surface while liquid is slowly withdrawn from the droplet through a microsyringe. The
difference between the advancing and receding CAs is referred to as contact angle hysteresis (CAH). CAH is an
important measure of the mobility of a droplet on a given surface. A high CAH is indicative of a droplet that is
relatively pinned on a surface and does not move freely when tilted or perturbed in some other way. In contrast, a low
CAH is indicative of a highly mobile droplet that easily moves on the surface and thus is easily removed. The
combination of these two quantities – static CA (which measures wettability) and CAH (which measures mobility) –
are often used to gauge a surface’s overall performance. For example, surfaces that exhibit high static CAs and low
CAH are more likely to induce dropwise condensation (DWC) during testing, whereas surfaces with relatively low
static CAs and high CAH are more likely to induce filmwise condensation (FWC) and exhibit poor drainage
performance.
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2.2 Environmental Test Chamber
Heat transfer experiments were performed inside a well-insulated vacuum chamber shown in Figure 2. Cooling water
is circulated through the coated tubes to condense the surrounding vapor onto test surfaces. Before each experiment,
the vacuum chamber is filled with the test liquid and evacuated to remove all noncondensable gases (NCGs) and create
a saturated environment. Condensation occurs as heat is rejected from the saturated vapor in the chamber to the cooling
fluid which is circulated through a tube assembly inside the chamber (i.e. five coated tubes + manifold). An isothermal
bath is used to control the temperature of the cooling water, while a motor-driven pump is used to propel the cooling
water through the system. A flow meter is used to measure the flow rate of the cooling water. A data acquisition unit
(DAQ) is used to monitor a variety of test parameters including the temperature of the cooling water at the chamber
inlet and tube outlet (i.e. 𝑇𝑚,𝑖𝑛 , 𝑇𝑚,𝑜𝑢𝑡 ), tube surface temperatures at the inlet and outlet (i.e. 𝑇𝑠,𝑖𝑛 , 𝑇𝑠,𝑜𝑢𝑡 ) and the
interior pressure of the test chamber, 𝑃𝑠𝑎𝑡 . In order to ensure that the condensation of the saturated vapor in the chamber
takes place only on the test surfaces and not on the chamber walls, an electrical heating tape which was controlled
using a PID controller was used to cover the exterior metal surface of the chamber.
In order to maximize the amount of heat rejected from the surrounding saturated water vapor to the flowing cooling
water, custom fluid manifolds were 3D printed from poly-vinylidene fluoride-co-hexafluoropropylene (PVDF). These
manifolds were designed to hold multiple aluminum tubes, thereby increasing the amount of surface area available for
heat transfer inside the vacuum chamber. The manifolds use printed internal O-ring grooves to seal the tubes into the
manifolds.

Isothermal Bath

PID Controller

DAQ System

Chamber

Sight Glass
Flowmeter
Manifold

CA Goniometer

Vacuum Pump

Figure 2. (a) Experimental setup showing the vacuum chamber used for condensation testing with an inset of the
tube assembly and manifolds, (b) contact angle goniometer used for CA measurements (Chamberlin, 2021)

2.3 Data Reduction Methodology
The condensation heat transfer performance of coated aluminum tubes was quantified using one of two data reduction
methodologies depending on the test conditions. The simpler of the two methods relies on the assumption of a constant
tube surface temperature (i.e. Ts = const). The validity of this approach was assessed using data obtained from
thermocouples attached to the tube surface at both the inlet and outlet. Using this method, a simple energy balance is
performed such that
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𝑚̇𝑐𝑝 (𝑇𝑚,𝑜𝑢𝑡 − 𝑇𝑚,𝑖𝑛 ) = ℎ̅𝑜 𝐴𝑠 (𝑇∞ − 𝑇𝑠,𝑎𝑣𝑔 ),

(1)

where 𝑇𝑚,𝑜𝑢𝑡 and 𝑇𝑚,𝑖𝑛 are the cooling water outlet and inlet temperatures, respectively, 𝑚̇ is the cooling water mass
flow rate, 𝑐𝑝 is the water specific heat, ℎ̅𝑜 is the average convective heat transfer coefficient, 𝐴𝑠 is the outside tube
surface area, 𝑇∞ is the environmental temperature in the chamber and 𝑇𝑠,𝑎𝑣𝑔 is the average surface temperature of the
tube. Eq. 1 can then be rearranged to obtain:
𝑚̇𝑐𝑝 (𝑇𝑚,𝑜𝑢𝑡 − 𝑇𝑚,𝑖𝑛 )
(2)
ℎ̅𝑜,1 =
.
𝐴𝑠 (𝑇∞ − 𝑇𝑠,𝑎𝑣𝑔 )
Alternatively, a slightly more complex data reduction strategy could be employed that relies on a thermal resistance
circuit to solve for the external convective coefficient, ℎ̅𝑜 , as shown below in Eq. 3. Here, 𝑅𝑡𝑜𝑡 is the total thermal
resistance, 𝑅𝑖 is the internal convective resistance, 𝑅𝑤𝑎𝑙𝑙 is the conduction resistance through the tube wall, and 𝑅𝑜 is
the convective resistance on the outside of the tube such that
𝑅𝑡𝑜𝑡 = 𝑅𝑖 + 𝑅𝑤𝑎𝑙𝑙 + 𝑅𝑜 .

(3)

̅), which can be obtained from
The total thermal resistance 𝑅𝑡𝑜𝑡 is a function of the overall heat transfer coefficient (𝑈
known quantities in the system, as shown below in Eqs. (4) and (5).
1
(4)
𝑅𝑡𝑜𝑡 =
,
̅ 𝐴𝑜
𝑈
−𝑚̇𝑐𝑝
𝑇∞ − 𝑇𝑚,𝑜𝑢𝑡
̅=(
𝑈
) ∗ ln (
).
𝐴𝑜
𝑇∞ − 𝑇𝑚,𝑖𝑛

(5)

Because the flow inside the tube was turbulent (𝑅𝑒𝐷 > 3000), the Gnielinski correlation was used to solve for ℎ̅𝑖
which was then used to calculate Ri = 1 /ℎ𝑖 𝐴𝑖 . The conduction resistance through the tube wall was given by Eq. (6)
𝑅𝑤𝑎𝑙𝑙 =

ln(𝐷𝑜 /𝐷𝑖 )
.
2πLk

(6)

Finally then, substituting and rearranging Eq. (3), an expression for ℎ̅𝑜 could be obtained in which all the terms on the
right-hand side of the equation were known:
1
(7)
ℎ̅𝑜,2 =
.
𝐴𝑜 (𝑅𝑡𝑜𝑡 − 𝑅𝑖 − 𝑅𝑤𝑎𝑙𝑙 )

3. RESULTS AND DISCUSSION
3.1 Contact Angle Measurements
The first phase of this study was to identify preferred surface creation parameters that result in the most optimized SN
surfaces, those that exhibit relatively high static contact angles (SCA) and low contact angle hysteresis (CAH). High
contact angles are typically associated with dropwise condensation and are needed for superhydrophobic behavior,
while low CAH is needed to ensure the mobility and removal of droplets from the test surface. While both have been
possible for water droplets, past research efforts have unfortunately failed to produce both high SCA and low CAH
for hydrocarbon droplets. Thus, iterative testing was conducted to evaluate the effect that surface creation parameters
(i.e. SN growth time, chosen fluorosilane compound, etc.) have on these performance metrics. Unique this time was
also the introduction of a surface roughening regimen prior to SN growth as well as the exploration of a second growth
cycle where SNs were launched off existing SN springs on the surface. In this work, these last two aspects were studied
in more depth in hopes that this would succeed in producing oleophobic surfaces with good droplet mobility. In total,
15 unique surfaces were created by varying the surface creation parameters listed above. Each of these surfaces was
a flat aluminum strip, approximately 20 mm (0.7874 in)  35 mm (1.378 in) and 0.254 mm (0.01 in) thick.
These measurements proved to be very helpful and revealed some interesting trends. Two types of samples were
examined— coated samples and uncoated samples. The coated samples included a silane chemistry coating that
contained either 13 or 17 fluorine atoms. The coating was deposited on the surface using a vapor deposition process.
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Uncoated

Coated

Table 1. Contact Angle Measurements on the Flat Fabricated SN Test Samples
Surface ID

NaOH PreRoughening

Catalyst
Time

Silane
Chemistry
(# Fluorines)

Cycle 1
Growth
Time

Cycle 2
Growth
Time

Water
SCA

Water
CAH

Methanol
SCA

Methanol
CAH

AlTest 18
AlTest 23
AlTest 28
Summer 2*
Summer 1
AlTest 24
AlTest 34
AlTest 48
AlTest 58
AlTest 47
AlTest 57
AlTest 54
AlTest 60
AlTest 53
AlTest 59

N
N
N
N
N
N
N
Y
Y
Y
Y
Y
N
Y
N

30 sec
35 sec
45 sec
45 sec
45 sec
35 sec
20 sec
20 sec
35 sec
20 sec
35 sec
35 sec
35 sec
35 sec
35 sec

13F
13F
13F
13F
13F
17F
17F
---------

2.5 min
1.5 min
1.5 min
1.5 min
2 min
1.5 min
1.5 min
5 min
5 min
5 min
5 min
2.5 min
2.5 min
2.5 min
2.5 min

------1.5 min
5 min
5 min
--5 min
5 min

162.9
166.7
169.1
168.1
167.6
168.2
173.0
165.0
164.1
158.1
163.0
159.2
158.9
162.1
161.4

4.99
0.91
1.67
1.98
1.87
2.55
0.83
13.56
4.45
59.54
38.60
4.86
2.93
29.65
10.12

78.2
79.6
77.2
67.4
77.3
85.0
90.7

73.97
73.19
66.14
60.27
67.98
80.99
86.51

Note: * older sample

For the coated samples (first seven samples in Table 1), it was possible to reach two different conclusions. First, the
shorter catalyst time associated with AlTest 18 versus AlTest 23 and AlTest 28 (all single growth samples) led to a
distinctly larger CAH value (~5) on this surface. This suggests that at least 35 seconds should be used when depositing
the catalyst on the surface. It is hypothesized that this leads to more nucleation sites on the surface from which the
silica nanosprings can launch. More springs in turn leads to a denser mat that is better able to repel liquids. Second,
the double growth SN sample (vs. the single growth samples) coupled with the 17F silane coating (vs. the 13F coating)
produced the highest overall SCA (~173) and the lowest overall CAH (~0.8) of all coated samples to date. This
result appears to be more dependent on the double growth mechanism (2 growth cycles) since this trend continued
later in the uncoated samples. It is believed that a much denser nanostructure is created by growing SNs on nanosprings
already present on the surface. In turn, this denser nanostructure is more difficult for liquids to penetrate as depicted
in Fig. 3. Also noteworthy, two of the samples which had identical growth parameters (AlTest 28 and Summer 2)
produced very similar CAs (169 vs. 168) and CAH values (1.67 vs. 1.98). This served to highlight the excellent
repeatability of both the SN growth process and these measurements.
For the uncoated samples (last eight samples in Table 1), a few additional conclusions were reached. First, the double
growth samples (i.e. two growth cycles) continued to exhibit much lower CAH than the single growth samples (i.e.
one growth cycle). This is perhaps best shown by comparing AlTest47 to AlTest48 (59.5 vs. 13.6) and AlTest57 to
AlTest58 (38.6 vs. 4.5). In fact, the conclusion here was even stronger than with the coated samples. Second, the
longer catalyst deposition time was again seen to be more advantageous, primarily in terms of reducing the CAH.
This can be seen when comparing AlTest 58 to AlTest 48 (i.e. CAH = 13.6  4.5) and AlTest57 to AlTest 47 (i.e.
CAH = 59.5  38.6). Here, 35 seconds of deposition time was found to be better than 20 seconds. Third, it was
found that lower CAH values (and similar SCAs) were achieved when the NaOH surface roughening step was
eliminated prior to catalyst deposition. This was observed in two different cases having identical growth parameters
with only the NaOH step being different. When comparing AlTest60 to AlTest 54, the CAH value decreased from
4.86 to 2.83 when the NaOH step was not used. Similarly and perhaps more dramatically, when comparing AlTest
59 to AlTest 53, the CAH decreased from 29.65 to 10.12 when no pre-roughening of the surface with NaOH was
performed. Fourth and finally, a weaker trend that emerged was that longer growth times associated with Cycle 1 were
slightly preferred. For example, when comparing AlTest 58 to AlTest 54, it was found that the CAH decreased from
4.86 to 4.45, while at the same time the SCA increased from 159.2 to 164.1. The difference here between these
two samples was only the SN growth time associated with the first cycle (i.e. 5 min vs. 2.5 min).
Figure 4 below shows images of representative droplets on some of these different surfaces. In summary, NaOH
roughening is not desirable. Thirty-five seconds or more of deposition time for the catalyst is probably best. Two SN
growth cycles are definitely better than a single SN growth cycle, likely due to the denser SN mat formation, and 5
minutes of growth time associated with the first growth cycle is slightly better than 2.5 minutes. Table 2 highlights
some of the key takeaways from these measurements.
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Single Cycle Growth

Double Cycle Growth

Figure 3. Single growth silica nanosprings (1 cycle) vs. double growth silica nanospring (2 cycles)

Table 2. SN Growth Parameters with the Current Recommendation Highlighted
Parameter 1
Parameter 2

NaOH PreRoughening?

Catalyst Time

# Growth
Cycles

Two Growth
Cycles

Yes
No

20-30 sec
35-45 sec

1
2

2.5 min / 5 min
5 min / 5 min

Note: Stronger performance dependencies are shown in darker blue.

AlTest 34
(Water SCA = 173)

AlTest 47
(Water SCA = 158)

AlTest 34
(Methanol SCA = 90.7)

Figure 4. Static contact angles on representative test surfaces for both water and methanol

Uncoated Samples
AlTest 33 (a) vs. AlTest 38 (b)

17F Coated Samples
AlTest 33 (a) vs. AlTest 34 (b)

Figure 5. SEM images of uncoated samples (top), and 17F silane coated samples (bottom).
All micrographs were taken at 50,000 magnification.
In addition to contact angle measurements, scanning electron microscopy (SEM) imaging was also completed to have
visual data and help contextualize the CA results. These images are shown in Figure 5. The top right image (b) shows
an overall denser SN mat and a reduction in porosity due to the double growth process. The bottom two images reveal
some subtle but small changes in the morphology due to the 17F silane coating. Also noteworthy here, AlTest 34 was
the sample that exhibited the highest overall SCA of all measured samples, and in the SEM image, AlTest 34 is seen to
possess the smallest overall porosity of these examined samples.
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3.2 Water Condensation Heat Transfer Results
Next, condensation experiments were performed on bare aluminum tubes without any SN coating. This was done to
establish baseline data for future comparison with different enhanced tubes. This first stage of condensation testing
utilized water as the condensing fluid. Figure 6 shows the heat transfer coefficient (HTC) as a function of the
subcooling degree (i.e. the difference between the saturation temperature and the inlet temperature of the cooling
water.) As expected, the highest heat transfer coefficients were recorded at the lowest subcooling degree (i.e. h = 6000
– 9000 W/m2·K at Tsub = 1C.) This is likely due to the fact that more of the exchanged heat is going towards the
phase change process (i.e. latent heat) as opposed to temperature change (i.e. sensible energy). As subcooling increases
(i.e. the temperature difference between the cooling water and the saturated environment), the density of droplet
nucleation on the tube surfaces also increases. As droplets nucleate more frequently and closer to one another, they
tend to coalesce before they can be shed, creating larger droplets on the surface. The result is a gradual decrease in the
heat transfer coefficient. For example, at Tsub = 5C, the heat transfer coefficient varied from 490-880 W/m2·K,
whereas at Tsub = 9C, the heat transfer coefficient was 280-590 W/m2·K.
Also noteworthy here, the two methods of reducing the collected data yielded very similar calculated heat transfer
coefficients. Overall, this helps to corroborate the fidelity of the measured data and the accuracy of the approach. With
the exception of one data set, the change in the tube surface temperature was always 0.2C or less which allowed
Method 1 to be used. This is the main reason why the two methods agreed so closely. Condensation testing with
methanol is currently underway on the same baseline aluminum tubes. It is anticipated that this will provide additional
baseline data that will serve as the primary comparison for future hydrocarbon condensation experiments.
Moving forward, in the next stage of this project, the aluminum tubes will be coated with SN mats based on the best
performing growth parameters from the initial CA study on flat samples. These coated tubes will then be
functionalized using the 17F silane (via vapor deposition) since this surface chemistry contains a higher number of
fluorine atoms and has been shown to possess the sufficiently low surface energy needed to repel both water and
hydrocarbon droplets. Surface repellency is typically much easier with water due to its very high surface tension
property— i.e. 72.8 mN/m (water) vs. 22.6 mN/m (methanol). Condensation testing will then be conducted using the
methodology detailed earlier in this paper, and the resulting data will be analyzed to calculate the HTC for both
methanol and water. Previous condensation heat transfer testing for water on uncoated SN nanospring tubes (single
tube pass with no manifold) yielded some initial promising results (Schmiesing et al, 2020)  see Figure 7.
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Figure 6. Condensation heat transfer coefficient versus subcooling degrees for water condensation experiments. For
these experiments, the cooling water was circulated at 1.5 to 4.0 LPM.
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(a)

Uncoated Tubes
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Figure 7. (a) Normalized droplet removal rate data for a baseline tube and SN coated tubes of various growth times for
different Tsub. These tubes were never functionalized with a fluorosilane nor were tested with methanol and thus
highlight the potential of SN coatings for improved heat transfer (Schmiesing et al., 2020). (b) Images of condensed
water droplets on SN coated tubes coated via immersion with a 13F silane surface chemistry. Note the transition in
droplet size from small to large with increasing subcooling (Chamberlin, 2021).

4. CONCLUSIONS
In this work, a fluorosilane-functionalized silica nanospring (SN) coating is explored as a possible means of improving
heat transfer performance by inducing dropwise condensation on aluminum tubing for both water and low surface
tension fluids including methanol. The SN mild growth conditions are suitable for coating aluminum while also
providing a high surface area mat. The silica nanosprings can also conformally coat complex geometries and be
functionalized. To date, extensive work has been performed to optimize the surface parameters associated with the
growth and functionalization of the SN coating (i.e. catalyst sputtering time, SN growth time, silane chemistry, number
of growth cycles, etc.), and a tentative set of parameters has been chosen. In summary, this optimization has shown
that a longer catalyst deposition time (35 seconds vs. 20 seconds) coupled with two SN growth cycles and the 17F
fluorosilane chemistry, is preferred. Static contact angles of approximately 172-173 have been achieved for water
with a CAH < 1. More importantly, injected water droplets are mobile on these test surfaces and do not readily wet
the surface. These initial results are promising and suggest that the new functionalized surface should help facilitate
DWC during testing. In the next stage, CA testing with methanol will be examined in more depth, and these chosen
parameters will be used to grow SN mats on round tubes, which will then be installed in the purpose-built chamber for
condensation testing with both water and methanol. The eventual goal of this work is the calculation of the condensation
heat transfer coefficient (HTC) on these enhanced tubes and the comparison of these results to the baseline.
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NOMENCLATURE
CAH
DWC
FWC
SCA

contact angle hysteresis
dropwise condensation
filmwise condensation
static contact angle

()
(-)
(-)
()

SN
T



silica nanospring
temperature
contact angle

(-)
(C)
()
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